This study aimed to investigate a rabbit model of osteochondral regeneration using three-dimensional (3-D) printed polycaprolactone-hydroxyapatite (PCL-HA) scaffolds coated with umbilical cord blood mesenchymal stem cells (UCB-MSCs) and chondrocytes.
Background
Cartilage and subchondral bone tissue are the major components of osteochondral tissue [1] . The joints are important components of human motion, but the ability of the joints for selfrepair is limited following damage to the articular cartilage [2] . Damage to both the articular cartilage and subchondral bone often occurs and results in osteoarthritis, joint pain, and joint dysfunction and results in a large healthcare and social burden [3] [4] [5] [6] . Current clinical approaches for the treatment of articular osteochondral damage include microfracture surgery, autologous chondrocyte implantation, and cartilage transplantation, but these treatments are limited due to problems with the outcome if tissue repair, limited availability of donors, and donor tissue damage [7] .
Recently, osteochondral tissue engineering has developed rapidly, and osteochondral defects can now be repaired by constructing osteochondral tissues in vitro and transplanting them into defective joints in vivo [8] [9] [10] . However, approaches using tissue engineering have several limitations [11] . Joint tissue transplants cannot fully match the curvature and smoothness of the joint surface, the mechanical properties of the transplant may not match those of the original tissue, and poor biocompatibility can cause rejection [11] . Osteochondral tissue engineering scaffolds can be constructed using seeded cell and scaffold bioactive substances that can induce chondrocyte differentiation and improve joint repair by active molecules, intra-articular biomechanical stimuli, and in vivo growth factor recruitment [12, 13] .
Ideally, osteochondral defects should regenerate during treatment. Scaffolds are the main component of osteochondral tissue engineering, and choosing the appropriate scaffold material is essential for the repair of osteochondral defects. Previous studies have reported the use of tissue-engineered scaffolds using structures with different pore shapes, including poly(lactideco-glycoside) (PLGA) [14] [15] [16] [17] , polyglycolic acid [18] , polyglycolic acid (PGA) and polylactic acid (PLA) [19] , and bioceramics [20, 21] . However, which of these scaffold materials is best for the repair of osteochondral defects remains to be determined. The biocompatibility and plasticity of polycaprolactone (PCL) make it is one of the most common biodegradable polymers in osteochondral tissue engineering [22] [23] [24] . Hydroxyapatite (HA), an inducible biomaterial, which can enhance cell proliferation and differentiation when mixed with PCL [25] [26] [27] [28] . HA nanocomposite scaffolds exhibit better surface chemistry and biological synergy when compared with their microcomposite counterparts [29] . Domingos et al. showed that introducing HA into the PCL structure can increase adhesion and human mesenchymal stem cell (MSC) proliferation [30] . In this previous study, a regularly shaped three-dimensional (3-D) scaffold was prepared using a 3-D additive manufacturing method after the PCL and nano-HA were uniformly melted and mixed [30] .
Mesenchymal stem cells (MSCs) can be obtained from several sources and are now of great interest due to their potential to differentiate into osteoblasts and chondroblasts [31, 32] . Umbilical cord blood (UCB)-MSCs, can be collected noninvasively and ethically, and UCB-MSCs have improved cell activity and proliferation ability, with low immunogenicity [31] , and they do not need human leukocyte antigen (HLA) antigen matching [33] . The incidence of posttransplant infection is lower with UCB-MSC transplants when compared with MSCs from other sources, making them an ideal source of seed cells in tissue engineering [32] .
Tissue engineering studies have combined 3-D printed scaffolds with living cells to promote tissue repair and regeneration [34, 35] . Undifferentiated stem cells can be inoculated onto the scaffold to obtain improved regenerative repair ability compared with scaffolds without cells or scaffolds inoculated with differentiated stem cells [36] . Previous studies have shown that co-cultures of human UCB-MSCs and chondrocytes in vitro at a 3: 1 ratio showed improved activation of human chondrocytes, and UCB-MSCs can differentiate into chondrocytes in vitro [37] .
The culture environment and the scaffold material used are equally important in tissue engineering, but few studies have examined the use of combined UCB-MSCs and scaffolds in vivo in osteochondral regeneration. Therefore, this study aimed to investigate a rabbit model of osteochondral regeneration using 3-D printed PCL-HA scaffolds coated with UCB-MSCs and chondrocytes.
Material and Methods

Material and animals
The polycaprolactone (PCL) (Mn 80000) and nano-hydroxyapatite (HA) (particle size <200 nm) were purchased from Sigma-Aldrich (St Louis, MO, USA). Umbilical cord blood mesenchymal stem cells (UCB-MSCs) were purchased from Biotechnology Co., Ltd. (Cyagen, Guangzhou, China).
Rabbits used in the animal model were provided by the Experimental Animal Center of Nanjing Medical University. The use of experimental animals was in accordance with the guidelines of the Ministry of Science and Technology of the Peoples' Republic of China. The study was approved by the Nanjing Medical University, Nanjing, Jiangsu Province, China (approval no IACUC 160440). Unless otherwise specified, the experimental reagents used in cell culture were purchased from Sigma-Aldrich (St Louis, MO, USA) or Invitrogen (Carlsbad, CA, USA).
Rabbits used in the model of osteochondral regeneration
Nine female New Zealand white rabbits, between 6-7 months of age, weighing approximately 2.5 kg, were obtained from the Animal Laboratory Center of Nanjing Medical University. These rabbits were used to prepare the rabbit model of osteochondral regeneration using three-dimensional (3-D) printed polycaprolactone-hydroxyapatite (PCL-HA) scaffolds coated with umbilical cord blood mesenchymal stem cells (UCB-MSCs) and chondrocytes. Surgical osteochondral defects were created.
Before the experiment, all animals were housed at a room temperature of 25°C, a humidity of 60%, and 12-hour light and dark cycle for one week. All animals had free access to food and water. The Animal Laboratory Committee of Nanjing Medical University (Nanjing, China) approved the use of animals in this study. The animals were treated according to the National Institutes of Health (NIH) guidelines (Bethesda, MD, USA). All animals were examined by veterinarians to assess their health. All procedures were performed under general anesthesia, and following surgery, each rabbit was housed in a single cage.
Cell culture, isolation, and identification
New Zealand white rabbits aged between one to three days were euthanized, and the articular cartilage from the lower extremities was isolated in a sterile surgical environment. The cartilage was sectioned at approximately 1 mm, placed in a sterile centrifuge tube, washed three times with sterile phosphate-buffered saline (PBS), centrifuged at 80×g for 3 minutes, and washed twice with medium without serum. The chondrocytes were isolated by incubation with 2 g/L trypsin for 30 minutes, then digested with 2 g/L of type II collagenase for 8 hours. The cells were counted, then transferred to a 10 cm diameter petri dish at a seeding density of 5×10 5 cells. Both UCB-MSCs and extracted chondrocytes were cultured in F-12 Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum and 100 U/mL of penicillin and streptomycin. Cells were passaged when the cells reached 80% confluence. Third-generation UCB-MSCs and chondrocytes were identified using flow cytometry and then selected for implantation onto the scaffolds.
Design and preparation of the implanted scaffold materials
The PCL (70% by weight) and HA (30% by weight) were thoroughly mixed as raw materials to prepare the 3-D scaffold. The HA powder was placed in a glass vessel and dried in an oven at 120°C for 1 hour. The PCL was melted at 120°C, and the dry HA powder was added to the low-viscosity liquid PCL and thoroughly mixed using a magnetic stirrer at 60 rpm. The composite blend was poured into a biological fused deposition 3-D printer (Fuqifan Electromechanical Technology Co., Ltd., Shanghai, China) through a feed port.
The 3-D printed polycaprolactone and nanohydroxyapatite (PCL-HA) cylindrical 3-D porous tissue-engineering scaffold materials were constructed using computer-aided design (CAD) and fused deposition modeling, as previously described [38] . The scaffold structure was designed using MIMICS 17.0 software (Materialise, Leuven, Belgium). The specific PCL-HA scaffold parameters were a diameter of 5 mm, a thickness of 4 mm, a mesh fill width of 800 μm, a fiber diameter of 200 μm, and a porous structure of 0°, 60°, and 120° [38] . The 3-D printer used a 200 μm print head. The traveling speed was 5 mm/min, and the layer thickness was 200 μm.
After the printer fused the PCL and HA according to the preset parameters, they were extruded and molded in three dimensions (X, Y, and Z). After printing, a 5 mm diameter circular punch was used to smooth the scaffold circumference. Scaffolds were prepared and randomly divided equally into the UCB-MSC-HA scaffold group (group A) and the unseeded normal control (NC)-PCL-HA scaffold group (group B). The structural morphology of the scaffold was observed macroscopically, and its microscopic morphology was observed using scanning electron microscopy (SEM) using a Hitachi S4800 scanning electron microscope (Hitachi, Tokyo, Japan). All scaffolds were sterilized with ethylene oxide and stored in sterile sealed bags before use.
Based on previous studies [37] , the UCB-MSCs and rabbit chondrocytes were used in a uniform cell suspension at an optimal ratio of 3: 1. For group A (the UCB-MSC-HA scaffold group), 4×10 6 cells were cultured in suspension. The inoculated scaffolds were incubated for 3 hours under standard conditions in a humid incubator at 37°C with 5% CO 2 to allow the cells to diffuse and adhere to the scaffold fully.
Surgical treatment in the rabbit model
Intramuscular ketamine hydrochloride (15 mg/kg) was used as the general anesthetic for the New Zealand white rabbits. Then, 10 cm of rabbit hair was removed from around the knee joints. The rabbits were placed on their backs on the operating table and their limbs fixed. After routinely disinfecting the surgical with povidone-iodine, the rabbits were covered with sterile drapes. A medial incision was made on the knee, the skin and subcutaneous fascia were incised layer by layer, and the joint capsule was exposed. We then retracted the patellar tendon and quadriceps femoris tendon laterally, exposed the femoral trochlea, and a 5 mm diameter round defect was made on the articular surface of the femoral trochlea to create the osteochondral defect model. The penetration depth was 4 mm, and the defect reached the subchondral bone.
The incision was rinsed with normal saline twice to remove residual cartilage, bone chips, and excess blood.
In group A (the UCB-MSC-HA scaffold group) and group B (the NC-PCL-HA scaffold group), the scaffolds filled the defective parts of the knee joints. In the normal knee joint control group, the articular surface of the femoral trochlea was untreated after the joint capsule was incised. After suturing the layers, the incision was disinfected using povidone iodine. Penicillin sodium (20,000 units) was injected intramuscularly, and the rabbits were returned to their cages. After surgery, 20,000 units of penicillin sodium was injected intramuscularly continuously every day for three days. Eight weeks after the surgery, the animals were euthanized by injection with pentobarbital sodium.
Observational indicators
Eight weeks after surgery, specimens were taken from the rabbit knee joints, and their distal femurs were removed for observation and macroscopically scored using the International Cartilage Repair Society (ICRS) macroscopic scoring standards [39] . The ICRS macroscopic evaluation of osteochondral repair is widely used as an indicator to evaluate the osteochondral defect repair in vivo [40, 41] . The ICRS macroscopic score was used separately to evaluate the degree of defect repair, integration to the border zone, and macroscopic appearance (Table 1) . Two orthopedic surgeons and a pathologist, who were blinded to the study groupings, graded the effects of the defect repair.
Histology of the joint tissue in the rabbit model
The rabbit joint tissues were fixed with 10% paraformaldehyde, decalcified with 30% formic acid, dehydrated in gradient ethanol, cleared, embedded in paraffin wax, and sectioned at 5 μm onto glass slides. Routine hematoxylin and eosin (H&E) staining was performed (KeyGen Biotech Co. Ltd., Nanjing, China). For the safranin-O and fast-green staining for glycosaminoglycans (GAGs), the tissue sections were routinely dewaxed to water and stained with fresh Weigert's solution for 5 minutes. The sections were then differentiated for 15 seconds in an acid differentiation solution, incubated in fast-green for 5 minutes, and rinsed with distilled water for 1 minute. The sections were then incubated in the safranin-O stain for 2 minutes, rinsed with distilled water for 1 minute, washed with an alkaline solution for 1 minute and rinsed with distilled water for 1 minute. The tissue sections were finally dehydrated using 95% ethanol and anhydrous ethanol, cleared using dimethylbenzene and mounted in optical resin. Histology was performed following H&E, safranin-O, and fast-green staining using an Olympus X71 light microscope (Olympus, Tokyo, Japan).
Statistical analysis
Data were analyzed using SPSS version 17.0 statistical software (IBM, Chicago, IL, USA). Data were presented as the mean ± standard deviation (SD). The means of the measurement data between groups were compared using one-way analysis of variance (ANOVA). A P-value <0.05 was considered to be statistically significant. 
Results
Morphological structure of the three-dimensional (3-D) printed polycaprolactone-hydroxyapatite (PCL-HA) scaffold
The rabbits were divided into group A, the umbilical cord blood mesenchymal stem cells and hydroxyapatite (UCB-MSC-HA) scaffold group, and group B, the normal control polycaprolactone-hydroxyapatite (NC-PCL-HA) scaffold group. Digital photographs were taken of the scaffold samples to observe the appearance and structure of the scaffold ( Figure 1A) . After the scaffold surface was plated with a conductive adhesive on the sample stage, the scaffold structure was observed using scanning electron microscopy (SEM) ( Figure 1B) . The SEM image showed that the shape and size of the pores of the scaffold conformed to the theoretical values designed in the manufacturing process, and the scaffolds consisted of interconnected network structures.
Macroscopic appearance of cartilage regeneration
All incisions into the cartilage of the knee joints in the rabbit model underwent healing with the formation of granulation tissue without swelling or edema. No infection was found in any incision. The joint surfaces were observed macroscopically at week 8. The appearance of the normal joint surface (Figure 2A) , and the joint surface of the PCL-HA scaffold group ( Figure 2B) showed that the articular surface defect was uneven and the defect failed to develop white healing tissue, but pale transparent tissue was visible in the middle of the defect, and the presence of the scaffold was observed. Co-cultured cells combined with the PCL-HA scaffold ( Figure 2C) showed The International Cartilage Repair Society (ICRS) macroscopic scores showed that the composite scaffold with cells showed a significant improvement in osteochondral repair (P<0.001) ( Table 2) . At 8 weeks, the ICRS macroscopic score of the PCL-HA scaffold combined with co-cultured UCB-MSCs and chondrocytes was significantly greater than that of the unseeded PCL-HA scaffold. Although further studies are needed, these findings showed that 3-D printed PCL-HA scaffolds may have potential in osteochondral tissue engineering based on the ICRS macroscopic scoring of the joint repair. Based on the general appearance, the co-cultured UCB-MSCs and chondrocytes combined with 3-D printed scaffolds showed improved repair of the osteochondral tissue. Therefore, UCB-MSCs and chondrocytes have roles in promoting cartilage formation in vivo. After photographing the morphological appearance, histology was performed.
Histological evaluation of the repaired tissues
Because PCL is soluble in dimethylbenzene, the scaffolds dissolved during the tissue fixation and processing for histology, and the scaffold morphology was not visible in the tissue sections. Compared with the histology of the normal knee joint ( Figure 3A, 3B) , the histology of the model supported by the scaffold showed that the repaired tissue penetrated the scaffold and produced new cells and matrix ( Figure 3C-3F ). Although infiltrating blood vessels and foreign body giant cells were commonly observed, in the lower part of the PCL-HA scaffold, these findings were more significant (Figure 3C, 3D) . Round chondrocytes and surrounding matrix staining were visible in the co-cultured cell PCL-HA scaffold group (Figure 3E, 3F) . The area of safranin-O staining area of the co-cultured cell PCL-HA scaffold group was significantly greater than that of the control group (Figure 3G, 3H) . At 8 weeks, the PCL-HA scaffold group had partial safranin-O staining in the area surrounding the defect, but the defect repair was mainly filled with fibrous and fibrocartilaginous tissue ( Figure 3I, 3J) . The tissue defect site of the co-cultured cell PCL-HA scaffold group showed positive safranin-O staining and regenerated subchondral bone tissue ( Figure 3K, 3L ).
Discussion
Due to the increase in high-energy injuries to the knee joints caused by aging, sports and traffic accidents, articular damage and defects are increasingly seen in orthopedic clinics [42] . Many types of scaffolds have been developed for the repair of osteochondral defects, including double, triple, and multilayer gradient scaffolds [43] . However, these scaffolds fail to recover or regenerate the biological function of the osteochondral defect, and the junction in each layer of the scaffold is prone to dehiscence [43] . The regenerative tissue may separate from the defect. In this study, bone and cartilage defects were repaired simultaneously using a single-layer scaffold, which showed significant advantages.
There are now several methods available for constructing scaffolds for joint repair and reconstruction. Recently, threedimensional (3-D) printing tissue engineered scaffolds have attracted attention for their high efficiency in terms of production, low cost, and high precision [44, 45] . Rapid prototyping technology based on 3-D printing technology is a current research topic [46] . The 3-D printed scaffold is not limited by defects and complexity and can be customized according to need and made into a tissue engineered construct of precise size and shape [46] . In orthopedics, the osteochondral defect data obtained on computed tomography (CT) scans are often reconstructed by computer-aided design (CAD) and computeraided manufacturing (CAM) software to design a suitable scaffold [47, 48] . Wei and colleagues [49] studied the influence of polycaprolactone-hydroxyapatite (PCL-HA) scaffolds on in vivo repair of osteochondral defects and found that implanting PCL-HA scaffolds promoted integration with host bone, but the cartilage regeneration remained unsatisfactory.
Mesenchymal stem cells (MSCs) are a vital source of seed cells in tissue engineering [50] . MSCs can be obtained from several sources, including the bone marrow (BM), placenta, umbilical cord blood (UCB), and other adult tissues [51] . Compared with bone marrow MSCs, UCB-MSCs possess the multiple differentiation potential of adult stem cells and have become an ideal seed cell [52, 53] . Isolated cell culture of UCB-MSCs is relatively easy to perform, and cells with uniform cell phenotypes can be obtained without in vitro enzymes or other substances for digestion and purification, and UCB-MSC isolation is non-invasive and is not associated with ethical issues regarding sourcing [54] .
To the best of our knowledge, there have been no previous studies on co-cultured UCB-MSCs and chondrocytes on PCL-HA scaffolds for osteochondral defect regeneration studies. Co-cultured cells combined with the PCL-HA scaffold do not require in vitro induction before implantation or the addition of growth factors. This study showed that no inflammation
The PCL/HA scaffold group 6.64±0.34
The PCL/HA scaffold combined with cocultured UCB-MSCs and chondrocytes group 10.42±1.26
P-values <0.001 occurred at the scaffold implantation sites and that the scaffold provided a suitable spatial structure for osteochondral regeneration at the defect site after implantation. Co-cultured cells secrete growth factors and induce recruitment of more stem cells from surrounding tissues. In this study, the co-cultured UCB-MSCs and chondrocytes combined with the PCL-HA scaffold promoted cartilage regeneration and stimulated subchondral bone reconstruction.
This study had several limitations. The number of experimental animals used was small, and significant individual differences between experimental animals could not be excluded.
Also, the rabbit model was selected for this study, and further and larger studies are needed. This study involved the use of a rabbit model with an articular osteochondral defect of the femoral trochlea, while clinical osteochondral injuries may occur at other joint sites, and so the results from this study may not be representative of clinical osteochondral knee joint damage. Also, the study period was short, with only an 8-weeks follow-up period to study osteochondral repair. The effects of the PCL-HA scaffolds coated with UCB-MSCs in this rabbit model were evaluated only by macroscopic observation and histology, and no gene expression was studied, and no biomechanical studies of knee joint function were performed. However, in this study, we used the optimal cell ratio in vitro, but differences may exist in vivo, and further optimization is needed. Optimizing the cell ratio in 3-D scaffolds may achieve better functioning of co-cultured UCB-MSCs and chondrocytes on PCL-HA scaffolds.
Conclusions
An optimal regeneration protocol based on scaffolds and seeded cells is critical for the repair of osteochondral defects in vivo. The aim of this study was to investigate a rabbit model of osteochondral regeneration using three-dimensional (3-D) printed polycaprolactone-hydroxyapatite (PCL-HA) scaffolds coated with umbilical cord blood mesenchymal stem cells (UCB-MSCs) and chondrocytes. The findings from this study showed that the UCB chondrocyte-seeded PCL-HA scaffold promoted articular cartilage repair when compared with the control or non-seeded PCL-HA scaffolds. The use of HA improved the physicochemical properties of the scaffold, and the use of co-cultured UCB-MSCs and chondrocytes stimulated regeneration of the rabbit cartilage in vivo, demonstrating that the cocultured UCB-MSCs and chondrocytes promoted osteochondral formation. UCB-MSCs xenografts can contribute to tissue repair and may provide a viable treatment strategy to repair osteochondral defects. With further improvements in technology, 3-D printed PCL-HA scaffolds combined with co-cultured UCB-MSCs and chondrocytes may be future tissue-engineered constructs to repair osteochondral defects.
